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The National Ignition Facility (NIF), operating at gree@d) light, has the potential to drive ignition

targets with significantly more energy than the 1.8 MJ it will produce ifb#seline, blue (3) operations.

This results in a greatly increased “target design space”, providing a number of exciting opportunities for
fusion research including the possibility of ignition experiments with capsules absorbing energies in the
vicinity of 1 MJ. We report the progress made explorifigfor NIF ignition, including potentialPo laser
performance 2w ignition target designs andw Laser Plasma Interaction (LPI) studies.

I. Introduction

For several years we have been exploring the
possibiity of using green 2w) light for indirect
drive ignition on the National Ignition Facility
(NIF). The rationale for this work is the promise
of extracting significantly more energy (~2X)
from NIF in green light, as compared to blue

(3w) light, and drivirg far more energetic
capsules than we originally envisioned when we
started planning NIF in the early 1990’s. This
paper attempts to provide a comprehensive
picture of the progress we have made exploring
2o for NIF ignition. First we describe the
potentialoperating regime for NIF & and

how that can translate into a very large “design
space” for exploring ignition target designs. We
then present the results && ignition target

design studies indicating that we can achieve
adequate drive and symmetrytiv2m and show
how we might capitalize on the large amount of
energy available by electing to tradé coupling
efficiency for, say, better symmetry or plasma
conditions. These simulations also define plasma
conditions for ignitionrelevant2m LaserPlasna
Interaction (LPI) experiments that have been
recently performed. We summarize the results of
these experiments using modern beam
smoothing techniques which indicate ti2at LPI

is not fundamentally different frome3s.
Finally, we show how recent expearental
findings on mitigatinRw laser plasma
interactions through reduced intensity and/or
judicious choice of plasma composition can be
incorporated into ignition target designs.

Il. Potential target design space witk 2

The fundamental requirementbtbe National
Ignition Facility Laser now being constructed at
Lawrence Livermore National Laboratory
include that it shall be capable of irradiating a
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target with 1.8MJ of 0.38m (3w or “blue”) light

in an ignition pulse shape peaking at 500TW.
The 3w light is produced by a neodinium
phosphate glass laser system [1] which first
produces infrared orlw” light of 1.053um
wavelength which is then converted te 8ght

by a pair of KDP crystals [2]. The crystals
combine thred. photons into one @ photon.
Ignition pulse shapes require peak power after a
long, low power “foot” lasting many
nanoseconds. Moreover, this peak power must be
produced after a significant amount of energy
has already been extracted from therllaser
since crystals tuned to providgtimum, ~70%
conversion ofLe to 3w at peak power have
relatively low conversion during the foot. Since
the average conversion efficiency fora 3

ignition pulse shape, without any advanced
conversion schemes, works out to be about 50%,
NIF’s “1um engine”was designed to produce
~700TW oflw power after >3MJ of im energy
has been extracted. The consequence of this is
that NIF’s Jum laser is necessarily very much
larger than the 1.8MJ specified output. Figure 1
shows current estimates of NIF's maximum
performance, plotting the peaks power that the
laser can produce as a function of the energy
extracted from the laser. It indicates that NIF's
peak, extractabléw energy would be ~6.5MJ.
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much lager than the designspace we originally envisioned for NIF.



NIF to drive capsules that absorb ~4600kJ. In
this paper we present an assessment of the
possibilities offered by operatinglN as a green,
20 laser and show how it allows ignition and,
even, high yield opportunities far beyond what
we originally envisioned when we started NIF in
the early 90’s. NIF’s potential for driving
ignition targets witi2w can be simply estimated
by Ecx=E16*(N1-2)*H, Where Egpis the capsule
absorbed energy,Eis NIF's maximumlo
output (~6.5MJ)n..» is the conversion efficiency
of 1w laser energy t@w (~80-85% average
conversions to green are possible) apds the
hohlraum coupling efficiencyT his gives
Ecag~5MJI*ny, or capsules absorbing >~1MJ
energy at plausible hohlraum coupling
efficiencies of 2625% [4].

Figure 2 summarizes a more detailed analysis
and graphically shows NIF’s potential "ignition
target design space” witkw. It plots NIF energy
vs. capsule absorbed energy. The light and
moderate shaded areas show target design space
potentially available witlPw at 250eV peak
radiation temperature and 300eV peak radiation
temperature, respectively. We refer to this as
target design space t&use it illustrates all the
combinations of NIF energy and capsule energy
where an ignition target might be designed at a
given peak radiation temperature. Both these
design spaces are very much larger than the
design space we originally envisioned in 919
when we began NIF, shown by the dark triangle
in the lower left section.
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Figure 3- X-ray power absorbed by a 600kJ,

250eV graded dogant Be cgpaule vs.time.

To better appreciate the target design space plots
of figure 2 and to understand how they are
developed we begin by noting that the light grey,
straight lines are lines of constamhlraum

coupling efficienciesyy . The bold lines

bounding the right hand sides of the 250eV and

300eV design spaces are estimates of coupling
efficiency for cylindrical NIF ignition hohlraums
with a “standard” case:capsule ratio=(hohlraum
area/capsulareaj” of 3.65 [4]. These
efficiencies have a slight nelimearity, ~(E)°*

. The left hand, vertical boundaries indicate
estimated minimum energy of ignition at a given
peak radiation temperature. The boundaries
drawn combine the approximate minimu
energy of ignition at 300eV, generally taken to
be ~100kJ, and thegf® scaling for minimum
energy developed by Lindl, [5] assuming
“similar” targets. We note, however, that the
minimum energy for ignition can be significantly
affected by target desigand is the subject of
ongoing research. For example Dittrich [6] has
designed a capsule which, at 250eV, also has a
minimum energy of ignition of ~100kJ.

The upper bound of target design space is found
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Figure 4- Upper boud on designspace fa 250eV
(top) and 300eV (bdtom) peak radation

tempeatures fa 1o to 2w convasion

efficiendes n,.,, ranging between 50 and 9@%.

at each hohlraum coupling efficiency by
combining arget pulse shape requirements with
the conversion efficiencyy., , of 1o to 2w light
and NIF'sle performance curve, figure 1. The
procedure is as follows: Target pulse shape
requirements are derived from theay power

vs. time absorbed by a given capsule. Figure 3




shows the xray power absorbed by a 600kJ,
250eVgraded dopant Be capsule designed by
Haan in 1991 (designated “Haan'91") [4]. We
readily scale this capsule’sray power
requirements, By to other absorbed energies
via a capsule scaling parameter “s”. Multiplying
Peapoby &, time by s, and all theimensions of
the capsule by s, scales capsule absorbed energy
by S’ or E.,=600kJ*$ for this scaled capsule.
For a given Eypthe 2w pulse shape requirement
is simply ( xray power absorbed by the
capsule)/(hohlraum coupling efficiency)=z.p

N1 - Thelo power produced by the laser must
then be R,=P..f (nn M1-2) . However, figure 1
provides a constraint on the maximum® power,

requiring R, =Pcad (MH N1-2 )< PrnadE1,) Where

El(o =

0
givenny andn.., we vary the capsule scale size
parameter, s, until there is a point in the pulse
shape where

Pca;! (MH M1-2)=Prmax(Ei0)-

P1,dt. To find an upper bound at a

Figure 4 plots these upper bounds for 250eV and
300eV peak radiation temperatures fos tb 20
conversion efficiencies);.,, ranging between 50
and 90%. Note that the upper bounds have a
significant dependence on peak radiation
temperature and onuilto 2» conversion

efficiency. The notable difference between the
300eV and 250eV upper bounds is because
300eV capsules require about twice the power of
the 250eV capsules. 300eV targets are always
power limited. It is not unreasonable to think of
250eV as markinghe approximate boundary
between designs limited by available power and
ones limited by available energy. Analysis at
215eV, approximately a factor of 2 down in
power requirement from 250eV, shows a design
space only slightly larger than the 250eV space.
At 215eV the targets are mostly limited by the

1w energy available (giving a flat upper bound in
the Eyr Ecap plot), except at the lowest

hohlraum coupling efficiencies where they, too,
become power limited. We also note that at
300eV, 50% i to 2w convesion efficiency, the
design space is not very much larger than the one
we originally envisioned for 300eV NIF targets.

Figure 2 shows an ignition target design space
using 2» that is far greater than the target design
space that existed in the early ‘9@¢hen we first
started thinking about NIF. At 300eV the
increase comes principally from increased

conversion efficiency, an increase in our
expected coupling efficiency [4] and a clearer
understanding of how thew laser will operate.
Further expansion dhrget design space comes
from operating at 250eV rather than 300eV,
where the power requirements as a function of
extracted energy are better matched to NIFes
capabilities. In order to achieve this performance
considerably more green energy must pass
through NIF’s final optics assembly (FOA) than
the 8J/crof blue light that will pass through the
FOAs during a 1.8MJ @ shot. Although this
fluence currently defines the stadéthe-art
damage limit for 3 optics it is expected that
approximately a factr of two higher fluences

will be possible with green light, compared to
blue, without damaging the FOAs. Current
thinking is that if full NIF were available today it
could reasonably produce between 3 and 4MJ of
green light. With further optics researdhs
conceivable tha2w optics could allow access to
the entire design space.

[ll. Discussion: Benefits of larger design space
and 2y target physics concerns

The preceding section showed that NIF,
operating aRw, has the potential to greatly
increase target design space qared to our
original expectations. This increase is desirable
for several reasons. First, it allows us to
contemplate capsules absorbing far more energy
than we originally envisioned. Capsules
absorbing ~100kJ (200kJ) are on the threshold of
failure at 3@eV (250eV) because of their small
size [5,4]. Basically, as a given ignition capsule

is scaled down in size and energy, heat
conduction losses play an increasing dominant
role in the hotspot power balance, causinD 1
estimates of yield vs. absorbed enetg have a
very steep section or “cliff’ at low energies.
Significantly increasing capsule absorbed energy
moves us away from this cliff. Increased capsule
absorbed energy is also beneficial because a
given capsule’s ability to withstand surface
roughnesswhich seeds hydrodynamic
instabilities, increases very dramatically with
absorbed energy [7]. Such important increases in
margin, possible with increased capsule absorbed
energy, would greatly increase our confidence in
achieving ignition and allow us toonsider

studies of capsule physics and thermonuclear
burn physics that are implausible with marginal
capsules. A second reason the increase in design
space is attractive is that it allows us to consider



a wider range of possible hohlraums and to
considerthe possibility of tradingpff capsule
absorbed energy for something desirable such as
better symmetry or improved diagnostic access.

The increase in target design space potentially
available with2m makes it appear to be a
desirable option for NIF. Unfortunately, virtually
all the target physics studies that established the
technical basis for NIF ignition [5,8] were done
with 3w light. When we first recognized the
possibilities of green light naignificant 2w
database existed. In order to redress this we have
been working for several years to answer
guestions related to usiritgo light on NIF for
ignition. This work has been divided into three
major areas.

1- Laser operations: What performance might
we get from NIF alw and how might we
actually operate NIF &®. The previous
section described the ignition performance
we might get with2e. Work assessingo
operations is ongoing within the NIF project
and will be reported elsewhere.

2- Projected?w ignition target performance
assuming Laser Plasma Interactions are
under control. In the next section we
describe the result of integrated Lasnex
simulations of largw ignition targets.

3- Experimental studies of LPI issues for which
there is no theoretical pdictive capability.
The key issues argw propagation2em
backscatter anédw hot electron production.
We have been studying these on both the
Helen laser and Omega laser. We
summarize current findings in section V.

IV. Lasnex studies of @ ignition targets

The large target design space potentially
available with2w light gives us the luxury of
being able to consider a wide range of ignition
possibilities with Lasnex. Referring to the 250eV
design space of figure 2, we have done integrated
Lasnex simtations [9] of two targets that require
~3.5 MJ of green light. One target, with a
standard case:capsule ratio of 3.65, lies on the
limiting hohlraum coupling efficiency line,
driving a capsule that absorbs ~850 kJ ehys.

A second target demonstrateseoof the trade

offs made possible by a very large target design
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Figure 5- 2580eV 2w ignition targets modded
with integrated 2DLasrex. simulations. Top:
An~1 an diameter hohlraum with an~4 mm
diameter Be capsule absorbing 850 kJ of x-
rays. Sandard, 3.65 casecapsue ratio.
Bottom: An ~1.1 cm dameter hohlraum with
an~3 mm diameter Be capsule absorbing 400
kJ o x-rays. 5:1 casecapsue ratio. These
simulated hohlraums have rotational
symmetry around the z-axis and left right
symmetry around the midplare (r-axs).

space. It contains a capsule that absorbs only 400
kJ of x-rays, allowing us to increase the
case:capsule ratio to 5.

Figure 5 shows the two targets we simulated
with Lasnex. The targetith standard, 3.65
case:capsule ratio has a Be “Haan’91” capsule
~4mm outer diameter placed inside an ~1cm
diameter cocktail hohlraum [4,10,11,12]. This
hohlraum is ~1.74X the size of the NIF point
design [13]. The capsule absorbs 850kJ. In the
other targeis a scaled version of the same
capsule with a diameter of ~3mm. Itis inside a
cocktail hohlraum ~1.1cm in diameter (scale



1.93), giving a case:capsule ratio of 5.0 and a
capsule absorbed energy of ~400kJ. Phe

pulse shapes we used in simulating the two
targets are plotted in figure 6. Both are
continuous pulse shapes of approximately 3.5
MJ. The target with larger case:capsule ratio
requires higher power because its smaller
capsule implodes more quickly; th@same

amount of energy must come in a shorter time.
As in the original point designs, both targets
include a lowZ gas fill (Lmg/cc He) to retard the
inward motion of the higiz hohlraum walls in
order to maintain symmetry [13,14]. We used
typical NIF beam pointing as originally

developed by Pollaine [13]. A variety of spot
sizes were explored in the integrated simulations,
including spots as large as ~4mm major diameter
by ~1.5mm (3mm) minor diameter for the
44.5850° (23°&30°) beam cones. Spots this

large are closely matched to the laser entrance
hole (LEH) size thereby minimizing intensity at
the LEH. Integrated simulations with these “big
spots”, whose marginal rays come as close to the
LEH as 400550um, give results very similar to
simulations with casiderably smaller spots.

Using the large spot size with the 850kJ
capsule’s pulse shape gives a peak shiglad
intensity of ~3x16*w/cn? (~1.5x13* w/cn?)

for quads on NIF’s outer (inner) cones.

Extensive, 2D integrated Lasnex simulations
indicate2w is very promising for igntion. The
calculations, using the large spots just described,
produce the desiredk{t) in the hohlraum.

Indeed when we perform an identical simulation,
except replacin@o with 3w, we find nearly
identical Tx(t) profiles. Thesmall differences can
be attributed to slightly higher temperature of the
hohlraum’s coronal plasma wittw. We find

that the simulate@w beams propagate to the
walls and that we can control symmetry in the
usual way, by moving the beams and/or
adjustingthe relative powers [13,14].
Consequently, we produce adequate symmetry
and the capsules ignite and burn in Qar
integrated simulations. The 850kJ capsule
produces ~120 MJ and the 400 kJ capsule
produces ~50 MJ. Both these yields are close to
the 1D yiebs for these particular capsules driven
by idealized E(t) pulse shapes.

Figure 7 illustrates hotspot shape at ignition time
for the two case:capsule ratios. We define
ignition time as when the thermonuclear yield
rate rises through ~2000TW, a usefuleaif-

thumb criteria. At standard case:capsule ratio we
see a hotspot shape that is very familiar from 3
design work; a well formed hotspot showing
evidence of an incipient jet of cold deuterium
tritium (DT) fuel on the pole together with an
incipient curtain of cold DT fuel coming in

around the waist of the capsule. Neither
perturbation is sufficiently laye to affect ignition
(indeed, we find at these large absorbed energies
that many poorly tuned targets with very much
bigger jets and/or curtains will also ignite on the
code). At larger case:capsule ratio we see
evidence of a tradeff worth further exploation.
The symmetry appears to have been improved.
This hotspot shows no evidence of a budding
pole jet or waist curtain. In tuning the symmetry
we find that with these bigger capsules we can
achieve adequate symmetry without needing
time dependent “beamhasing”. That is, without
continuously and carefully varying the ratio of
inner beam power to outer beam power to
minimize time dependent variations in the P2
Legendre component of asymmetry [13,14]. For
a given pointing, one, fixed in time ratio is
adeqate. That is not to say that with increased
coupling energy we still wouldn’t want to try to
improve symmetry via some beam phasing. The
fact that we don’t necessarily need to use beam
phasing in successful integrated simulations is an
anecdotal measure ofcreased robustness due to

R
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Figure 7- Hotspot shgpe at ignition time from
theintegrated smulatons. Both produce nea
1-D yield. Left (Right) is the 850 kJ (40CkJ)
cgpaulein ahohlraun of casecapsue ratio
3.65:1 (5:1).

increased absorbed energy.

The weakness of the design simulations just
discussed is that neither Lasnex nor any other
model can quantitatively predict LPI processes in
the complex environment of an ignition

hohlraum other tha, perhaps, the onset of



filamentation. In creating the technical basis for
NIF we dealt with this shortcoming by doing a
wide variety of Nova underdense interaction
studies [15, 16,17, 5, 8] in targets we considered
to be “ignition plasma emulators”. This,

targets in which we had created, to the degree
possible, plasma conditions similar to what we
expect in ignition targets. Lasnex integrated
simulations of ignition targets defined those
plasma conditions. The plasma conditions from
our integrated simations of the 250eV ignition
target at 3.65 case:capsule ratio, at 1ns after peak
power are plotted in figure 8 for the inner and
outer cones. According to these plots, LPI for the
outer beam principally involves a beam of
~3x10* W/cn? interacting with dow-Z plasma
with Te~4keV and electron density ~0.1 to
0.14n, where Ris the critical density for green
light, 4x1G** electrons/crh For the inner beams,
LPI occurs at a lower intensity, ~1.5x70

W/cn?, and in a plasma that changes from He

fill -gas toBe ablator blowoff about midway in

the beam’s path. The plasma density along this
path ranges from ~0.1 to 0.2 hese conditions,
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Figure 8- Plasma conditions from integ-ated
simulations o the 3.65 casecapsue ratio
target, at Insafter pesk power. Top for the
outer conesbottom for the inner cones.

then, determine the conditions for empirical
studies of laser plasma interactions i@
ignition target and how we might control them.

Ponderomotive filamentaion in these conditions
can be estimated using a figure of merit.
According to both theory and simulatiohd]
filamentation of NIF's f/8 beams will begin to
occur when the filamentn figure of merit
(FFOM)

IA%(ndng)(3/Te)>1x108° (1)
and will have a very noticeable effect when the
FFOM begins to exceed 2x101In this
expression | is laser intensity (W/&n is
wavelength (um) #in. is the ratio of electron
density tocritical density and Te is electron
temperature in keV. For the plasma conditions
shown in figure 8, the FFOM at the LEH is
2.5x10% (5x10") for the inner (outer) beams and
peaks at 4x15 (6x10") 6mm (5mm) inside the
hohlraum as measured along the bezath from
the LEH. These values indicate the 250e\, 2
design will be below the threshold for
filamentation.

IV. Experimental studies of@ Laser Plasma
Interaction (LPI)

The key underdense interaction issuesZorare
essentially the same as they are far, 3
propagation, backscatter and hot electron
production. For & ignition these issues were
studied on the Nova laser during the 1990's as
part of the Nova Technical Contract [5,8] that
created the target physics basis for ignition with
a NIF class facility. Of these issues, backscatter
losses were thgreatest concern and were
studied in depth while hot electron production,
which had never been observed to be large with
3w, was monitored on Nova but never became
the focus of detailed experiments.

In order to establish a database for laser plasma
interactions alw we have been studying
underdense interactions on te Helen laser at
the Atomic Weapons Establishment (AWBY]
since 2000 and have converted one beam of the
Omega laser at University of Rochest2@] to
operate aPo 21 .We have beenh®oting

green interaction experiments at Rochester since
June, 2002.

The 2w Omega experiments have principally
studied backscatter and are described in greater
detail by Moody pP2]. Conceptually, the Omega
studies are very similar to underdense interacti
experiments carried out on Nova to study.3



They use a s@alled “gasbag” target comprised
of two thin (~3500A) polyimide membranes
glued to either side of an aluminum washer
which also has tiny tubes for filling the target
with gas. When pressurizethe membranes
stretch, forming an oblate spheroid of major

diameter ~2.75mm and minor diameter ~2.2mm.
These gasbags are heated by 1ns pulses from 40

of Omega’s beams. The heater beams are
defocussed to low intensity, nearly filling the
bag’'s diameter andreate a plasma with Te~
2.5keV and scalelength >1mm. This plasma is
then “probed” by Omega’s sing&» beam

which has ~400J in a 1ns pulse. The probe
beam is smoothed by a phase plate which forms
a spot that can achieve intensities up to
~1x10"w/cn?. Backscatter into the /6 lens, the
principal quantity studied, is measured by
Omega’s Full Aperture Bcscatter Station
(FABS). At this point, Omega does not yet have
a Near Backscatter Imaging diagnostic (NBI) to
measur€w light scattered just outside the lens.
Figure 9 shows one of the scalings we have
performed on Omega. It plo&» stimulated
Raman ad stimulated Brillouin reflectivity as a
function of intensity from gasbags filled with
hydrocarbon gas to a density corresponding to
0.12nc of green light when the gas is fully
ionized. We make several observations from this
plot. First, hydrocarbon gassat2w, like 3w,
mainly produce Raman backscatter at 0.12 nc.
Second, the peak stimulated Raman backscatter
into the lens at intensity approaching'i

~15%, a typical value for@ light at similar
conditions. Third, there is a clear intensity
scaling to tle backscatter that could be
interpreted as a threshold for stimulated Raman
at low-10" w/cn?.

A threshold for Raman backscatter at la@**
W/cntis encouraging because it can be
explained by a filamentation argument and
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Figure 9- 2» Rarmanand Brillouin reflectivity as
afunction of intensty. Omega gasags filled with
0.12 n, of hydrocarbon gas 250 eV ignition
hohlraums @noperde at apeak outer(inner)
quad intensty of ~ 3x10+ (1.5x10) w/cm?.

support for that explanation cdre found in the

data. At the heart of the filamentation argument

is an assumption that Raman backscatter is
produced mostly in the hotspots that form when
the beam filaments. That is, if the beam
filaments we get Raman backscatter but if the
beam doesn’tifament then Raman should be
low. In these experiments simple theory and
simulations with our laser plasma interaction
code pF3D 23] indicate a threshold for
filamentation around 3x¥6W/cn?. This
threshold is supported experimentally by a very
narrow Ranan backscatter spectrum at 3X10
but very obviously broad Raman backscatter
spectra at the higher intensities. (Broad Raman

spectra are indicative of filamentation while a

narrow spectrum is indicative of little or no

filamentation). If the filamentatiothreshold
hypothesis is correct, then this scales favorably
to 2o NIF ignition targets since, according to
equation 1, the intensity threshold for
filamentation should scale like ~Te. In Lasnhex
simulations of2w ignition targets Te is ~4.5keV,
vs. ~2.5keV in these Omega experiments.

Complementin@w interaction expements on

Omega have been a wide ranging series of

underdense interaction experiments using a

single, ~400J/1n2» beam on the Helen laser at

AWE. The experiments mostly involved gasbag

targets irradiated along the axis of symmetry by

a phaseplate smoothedw spot, typically

~6x10* wicn?. A number of small, gas filled

hohlraums were also shot, as well. The
experiments are described in detail in a paper by

StevensonZ4]. Here we summarize the three

most important Helen findings on underdense

interaction.

1- Propagation: Because the gasbag targets
were irradiated by a single beam, we were
able to study2m propagation via time
resolved, sid@n x-ray imaging. These side
on images show the formation of well
defined plasma columns and closely match
synthetic images from simulations with our
radiation hydrodynamics code HYDRA
[25]. We interpret the good agreement
between experimental and synthetic images
as evidence that2w beam can propagate in
a manner consistent with straightforward
hydrodynamics [26] and édence that, for
backscatter production, these targets
produced the long scalelength plasmas we
expected from simulations.

2- Effect of composition on backscatter:
Helen’s seminal contribution to LPI is the
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discovery that plasma composition
influences backsdeger far more than was
previously thought24]. The black bars on
figure 10 show stimulated Raman and
Brillouin backscatter from the Helen gasbag
targets as a function of composition, ordered
in increasing average atomic number, Z. The
vertical extent of a bar indicates the range of
backscatter weneasured from all targets
filled with a given composition. At low Z

we see the expected interchange of
stimulated Raman for stimulated Brillouin
when we switch from a composition with
strong ion damping (§H1,) to a composition
with weak ion damping (B CO,, Ne). This

is consistent with Nova result&7]. The
unexpected finding was the drop in Brillioun
with rising Z and the fact that Raman

remained low even as Brillouin dropped.

This was inconsistent with a widely held

view of an interplay between Raman and
Brillouin and that reduction of one resuits

the increase of the other. These findings
have been reproduced in subsequent Omega
gasbag experiments using 40 heater beams
and one probe. The grey bars in figure 10
plot the Omega results.

Control of hot electron production:
Historically, hot electromproduction was the
bane of early attempts to do ICF with lasers
having wavelengths ofdim or longer. For
example, experiments on therh Shiva

laser showed hot electron production to rise
as hohlraums are driven to higher energy
density and that in the highest energy
density hohlraums it was possible to convert
>20% of the laser energy tmhelectrons

with an ~50keV Maxwellian distribution.
Such high hot electron fractions prevent
ignition by preheating the DT fuel. The
discovery in the early ‘80’s that shorter
wavelengths suppress hot electron
production led the community to build
subsequaet facilities to operate at the
shortest wavelength technically feasibley. 3
Long experience has justified that decision.
Empirically, 3» does not efficiently make
hot electrons. When considering the
possibility of using 2, history cautions to

be wary of the specter of hot electrons. This
where Helen experiments have made a
semnd original contribution to LPI; hot
electron production and how to control it.
Measurements of time integrated, absolute
hard xray production with Helen’s Filter
Fluourescer diagnostic (FFLEX) allow us to
infer hot electron production. In gasbag
targets we find that GH, fills, which
efficiently produce Raman backscatter, also
produce a rising hot electron fraction as a
function of fill density. However, when we
switch to other gasses, which do not produce
much Raman, the hot electron signal
remains r&atively low, even when as the fill
density approaches 0.25 his indicates

that plasma composition can control hot
electron production, just as it appears to
control backscatter. Complementing the
gasbag experiments, we also shot small, gas
filled gold hohlraums on Helen in order to
further study hot electron production. These
experiments used unsmoothed beams, with



best focus (~8am diameter) at the LEH.
Figure 11 plots hot electron fraction
observed with these hohlraums as a function
of fill density, for two fills, CsH;, and Kr.
With CsHy, there is a striking increase in hot
electron production with fill density with a
peak, infered hot electron fraction of ~20%
in the vicinity of 0.25R. However, when we
change the fill gas to Kr, we find relatively
little hot electron production, even near
0.25n. Backscatter measurements on these
hohlraums also show that Raman is
relatively high in the GH1, hohlraums but
very much reduced in the Kr filled
hohlraums. These Helen experiments
suggest two rulesf-thumb for designing

2w ignition targets with low hot electron
production. Keep most of the LPI volume
below 0.15r and/or judiciously choose
materials to avoid Raman producers.
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Figure 11-Hot electron fraction in small, gas
filled Helen hohlraums & afunction of fill
dersity. CsH,,,black spots, and Kr, grey triangles.

V. Alternative ignition hohlraum designs

The finding that we can control backscatter and
hot electron production via judicious choice of
plasma composition is potentially very important
for NIF because it implies that we can control

LPI via target design. This has engendered a new
area of target design, exploring targets where the
conventional He/H ga#ll of an ignition point
[13,14] is replaced by other materials. A
constraint on theseedigns is a preshot
temperature of ~1%& needed for the cryogenic
capsule. This eliminates most gasses since they
would freeze out.

Our exploration of alternative hohlraum designs
has been exclusively on variants of the standard
case:capsule ratio target figure 5, using the

pulse shape shown by the solid line of figure 6
and the 850 kJ Be capsule. Our investigations
fall into two cryogeniecompatible classes;
designs where the He gas fill is replaced by a
foam and designs where it is largely replaced by
a mid-Z or high-Z liner. In the foam designs we
replaced the 1mg/cc He gas by 1mg/cc S(this
foam exists) or 1mg/cc Gefand, even, 1mg/cc
XeO; (this foam cannot exist but allows us to
study the scaling with Z). The lined targets we
studied included Hadraums lined with f1m solid
(frozen) Kr and um frozen Xe.

The result of these integrated simulations is that
it appears possible to replace the He ortigas

in NIF hohlraums with mid to high Z material
and still maintain drive and symmetry adequate
for ignition. The calculated J(t) from hohlraum
simulations using the three different foams are
close to what is calculated for He fill. The
simulated hotspot shapes at ignition do not look
very much different than the one found with He
fill, in figure 7. The capsules work in these
integrated simulations, producing yields
~120MJ, similar to He filled targets. It was not
necessary to make any design changes
compensating for the increaseday preheat of
the higherZ foams. The principal drawback is
that thehohlraum has a greater propensity to
produce a pole high implosion as we raise the
average Z of the fill. In this study we
counteracted this tendency by switching a greater
fraction of the laser power to the inner beams. If
the polehigh tendency cannoteoffset by some
other change, such as geometry, this might limit
the upper bound to the Z of the foam.

In addition to the foam simulations, we also
investigated replacing the He gas witprih

liners of either Kr or Xe. Although these designs
readily produced the requiredc(), we were
unable to find a symmetry solution for vacuum
hohlraums with liners. Axial stagnation of the
liner material at later times generated a pbigh
x-ray pulse hat could not be offset by raising the
power of the inner beams. However, if we
included a very low fill of He, 0.1mg/cc, we
found we could tune the symmetry. In these
simulations we again found it necessary to raise
the fraction of power to the inner beamorder

to tune the symmetry.

All these simulations of alternative hohlraums
predict coronal electron temperatures
considerably higher than the ~4.5keV
temperature in the He filled design, shown in



figure 8. For example, the targets filled with
SiO, foam have T ~7keV. Higher temperature
reduces the filamentation figure of merit,
equation 1, and, in principle, makes such
hohlraums less likely to suffer from
filamentation. However, increased resistance to
filamentation allows one to contemplate higher
laser intensity and, therefore, higher radiation
temperature designs. Thus, hohlraums with
compositions other than the conventional He or
He:H in the beam path may be a pathway to
higher radiation temperatures witlm2

These few preliminary simulations of alternative
hohlraums are far from being detailed point
designs. However, they do show that it is
possible to consider replacing the He or-He
gas of the conventional NIF designs with some
other material and stilbe able to produce the
required drive and adequate symmetry for
ignition. This, in turns, means that it could be
possible to engineer LPI i2w (or, even, &)
ignition designs by engineering the plasma
composition in the beam paths. Alternative
hohlraums ee a new area of investigation that
we will be examining in the coming years.
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